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ABSTRACT 
 
 
Hydrogen energy system is expected to progressively replace the existing fossil 
fuels in the future. In particular, one potential use of hydrogen lies in powering zero-
emission vehicles via a proton exchange membrane fuel cell (PEMFC). However, to 
make the PEMFC works on a vehicle, hydrogen storage is one of the critical 
components. When hydrogen is used on the vehicle, the equipment must has a high 
storage capacity.  Carbon with high porosity and surface area as well as with the 
presence of metal loading were expected to obtain the maximum hydrogen adsorption 
via spillover effect on activated carbon (AC). The main objective of this research is to 
investigate the hydrogen adsorption on AC and platinum (Pt)-doped AC samples with 
different pressures (150, 250 and 350 psig). A comparative characterization was carried 
out using field emission scanning electron microscopy, x-ray diffraction and nitrogen 
adsorption isotherm analysis. It was shown that the presence of Pt metal reduced the 
surface area of AC from 675.32 m2.g-1 to 638.65 m2.g-1. Hydrogen adsorption at 150, 250 
and 350 psig at room temperature exhibited two distinct behaviours. At 150 psig, the 
textural properties are critical and the adsorption capacities slightly increased with the Pt 
loading. On the contrary, at the higher pressure, the contribution of Pt nanoparticles was 
positive and marked by increased amounts of hydrogen reversibly adsorb from 0.7 to 0.9 
wt.%. However, the amount of hydrogen uptake for Pt-doped AC was slightly lower 
compared to AC.  AC adsorbed 1.07 wt.% of hydrogen at 350 psig compared to 0.9 
wt.% for 10 wt.% Pt-doped AC. These findings have significant implications for the 
hydrogen storage in carbon-based materials, and further study needs to be done to 
enhance hydrogen uptake for Pt-doped AC.  
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ABSTRAK 
 
 
 
Sistem tenaga hidrogen dijangka bakal menggantikan bahan api fosil sedia 
ada pada masa akan datang. Khususnya, hidrogen berpotensi untuk menjana 
kenderaan dengan pembebasan sifar melalui sel bahan api pertukaran proton 
membran (PEMFC). Walau bagaimanapun, untuk menggunakan PEMFC pada 
kenderaan, penyimpan hidrogen adalah salah satu komponen yang kritikal. Apabila 
menggunakan hidrogen pada kenderaan, peralatan mestilah mempunyai kapasiti 
penyimpanan yang tinggi. Karbon dengan keliangan dan luas permukaan yang tinggi 
serta kehadiran muatan logam dijangka mencapai penjerapan hidrogen yang 
maksimum melalui kesan limpahan ke atas karbon teraktif (AC). Objektif utama 
kajian ini adalah untuk mengkaji penjerapan hidrogen pada sampel AC dan AC 
berdop platinum (Pt), dengan tekanan yang berbeza (150, 250 dan 350 psig). 
Perbandingan pencirian telah dijalankan menggunakan mikroskop elektron 
pengimbas pancaran medan, pembelauan sinar-x dan analisis isoterma penjerapan 
nitrogen. Adalah ditunjukkan kehadiran logam Pt mengurangkan luas permukaan 
karbon teraktif daripada 675.32 m
2
.g
-1
 ke 638.65 m
2
.g
-1
. Penjerapan hidrogen pada 
150, 250 dan 350 psig di suhu bilik menunjukkan dua kelakuan berbeza. Pada 
tekanan 150 psig, sifat-sifat tekstur adalah kritikal dan kapasiti penjerapan meningkat 
sedikit dengan muatan Pt. Sebaliknya, pada tekanan yang lebih tinggi, sumbangan 
partikel nano Pt adalah positif dan ditunjukkan dengan penambahan jumlah hidrogen 
terjerap berbalik iaitu daripada 0.7 ke 0.9 wt.%. Walau bagaimanapun, jumlah 
pengambilan hidrogen untuk AC berdop Pt adalah rendah berbanding dengan AC. 
AC menjerap 1.07 wt.% hidrogen pada 350 psig berbanding 0.9 wt.% untuk 10 wt.% 
AC berdop Pt. Hasil kajian ini mempunyai implikasi yang besar untuk penyimpanan 
hidrogen dalam bahan yang berasaskan karbon, dan kajian lanjut perlu dilakukan 
untuk meningkatkan pengambilan hidrogen untuk AC berdop Pt. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Background of Research 
 
 
Storage of hydrogen has attracted worldwide attention because of the demand 
for a clean and efficient energy.  Basically, the hydrogen storage implies the 
reduction of a large volume of hydrogen gas.  In order to increase the density of 
hydrogen in the storage system, the hydrogen must either be liquefied or compressed 
at low temperature and high pressure (Eberle et al., 2009).  Previous studies in 
hydrogen storage found that repulsion has to be reduced, and it can be done by 
interactions of hydrogen with materials such as Ti-doped NaAlH4 (Bogdanović 
&Schwickardi, 1997), metal hydrides (Sakintuna et al., 2007), and complex hydrides 
(Eberle et al., 2006).  Even though these systems have reasonable volumetric 
capacities and irreversible, the systems are highly gravimetric.  The reversible 
complex metal hydrides are facing challenge to meet the gravimetric target, which is 
limited to lightweight elements (Stetson & Petrovic, 2009).  A promising storage 
method focused on porous materials such as carbon-based, zeolites, and metal 
organic frameworks (MOFs) through the adsorption process. 
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Adsorption process demands for a highly porous material to allow for easy 
uptake and release of hydrogen.  Characteristics of activated carbon such as high 
density of adsorbent phase, high surface area, and abundant pore volume has been 
proved as one of the promising adsorbent for the hydrogen in future (Jin et al., 2007).  
However, interaction of Van de Wall forces and hydrogen adsorption towards the 
adsorbent surface is weak. Thus, one possible way to satisfy the hydrogen storage 
requirements using activated carbon is to dope the metal onto activated carbon, the 
spillover effects help the hydrogen to act as the storage medium (Konda & Chen, 
2016).  Transition metals such as Pt, Pd, Ni, and Ru are the most metal that 
researcher used to study the mechanism of hydrogen storage on metal doped 
activated carbon.  Tsao et al., (2010) has successfully proved the increasing of 
adsorption percentage by the spillover effect of Pt metal. 
 
 
 
 
1.2 Problem Statement 
 
 
The search for a long-term hydrogen storage material in future is an urgent 
issue to be addressed by hydrogen-powered society.  Several technical suggestions 
are anticipated to solve the storage issue, including compression or liquefaction of 
hydrogen gas, storage in metallic hydrides, chemical storage, and hydrogen storage 
by physisorption (Leon, 2008). However, liquefaction requires high amount of 
energy (Eberle et al., 2009), compression must be operated at very high pressure, and 
metallic hydrides are suspected to be poisonous while having incomplete 
reversibility and low kinetics behaviour (Murray et al., 2009). These drawbacks may 
lead to higher operation cost (Klell, 2010) and/or safety issues. Meanwhile, 
physisorption storage system on carbon materials is an interesting alternative. This is 
because it operates at low pressure, and is completely reversible with fast kinetics. 
Moreover, it relatively offers higher hydrogen storage capacity. 
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Adsorption storage on nanostructured material such as carbon may offer 
advantages compared to other materials by providing a high surface area and low 
density.  By having high porosity and surface area, carbon provides high ratio of 
binding sites in the pores and on the surface to its weight, and thus increase the 
storage. Increasing hydrogen uptake by spillover in porous materials including 
nanostructured carbons, zeolites, and MOFs, have been developed by many 
researchers (Li & Yang, 2006; Li & Yang, 2007; Chen & Yang, 2010; Wang et al., 
2010; Chen et al., 2012). A wide range of metal loadings were considered in attempts 
to obtain the maximum hydrogen adsorption via spill over (Takagi et al., 2004; 
Anson et al., 2007) and large proportion of the increase in hydrogen adsorption is 
contributed by the hydrogen adsorption on metal (Back et al., 2006). Tsao et al. 
(2010) and Stuckert et al. (2010) claimed that Pt nanoparticles of ~1nm have 
remarkably increased the hydrogen storage capacity via spill over. Similar findings 
were also observed on the spill over effect of hydrogen adsorption on Pt/AC (Chen et 
al., 2012; Wang et al., 2014). 
 
 
Tsao et al. (2010) reported hydrogen uptake of 0.3 to 0.6 wt.% by the 
spillover of Pt metal.  This finding proved that the increasing of adsorption 
percentage might have strong correlation with the increasing in surface area.  Fierro 
et al. (2010) also proved that hydrogen storage capacity is directly correlated with 
total surface area.  They reported that the maximum excess of hydrogen capacity at 
6.0 wt.% at -196 °C and 580 psig has been reduced to 0.6 wt.% at 25 °C and 725 
psig.  Their BET-N2 values showed to be lower than 2630 m
2
.g
-1
.  The uptake at -196 
°C showed a correlation with micro-pore volume and strongly dependent on average 
pore diameter.  In that study, activated carbons were treated with acid and doped 
with different platinum metal loading to enhance metal doped AC affinity to 
hydrogen, and thus increase the hydrogen adsorption.  Hydrogen adsorptions at room 
temperature were studied with different range of pressure lower than the previous 
study, which are 150, 250 and 350 psig. 
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1.3 Objectives of Research 
 
 
The objectives of this research are: 
 
a. To synthesize and characterize the physical properties of activated 
carbon and platinum-doped activated carbon. 
b. To evaluate the hydrogen adsorption capacity on various Pt loadings 
(0.5, 1, 2, 5, and 10 wt.%). 
 
 
 
 
1.4 Scopes of Research 
 
 
i. The synthesis process of platinum on commercial activated was 
carried out using wet-impregnation method.  The activated carbon 
was treated with 2M HCl prior to impregnation with platinum.  The 
0.5, 1, 2, 5, and 10 wt.% of platinum loading on AC were prepared. 
ii. The total surface area, surface morphology, surface metal content, 
metal phase crystallinity, metal reducibility and particle volumes of 
activated carbon, AC and Pt-doped activated carbon were 
characterized using BET-N2, FESEM-EDX, XRD, TPR-H2 and 
pycnometer, respectively. 
iii. Hydrogen uptake for AC and Pt-doped AC were carried out using a 
volumetric method at room temperature with different pressure 
loadings of 150, 250, and 350 psig. The experimental rig of the 
equipment was built in-house based on Sievert type volumetric 
apparatus. 
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1.5 Significance of Research 
 
 
Intensive effort on developing materials and systems for hydrogen storage to 
meet the world demand has gained attention of researchers.  Application of hydrogen 
on transportation, stationary and portable power can be fulfilled with the presence of 
low cost and safe carbon-based storage materials.  The findings of this study can 
offer the benefit of society considering that hydrogen plays an important role in 
future energy.  The findings could lead to a better hydrogen storage and allow 
inexpensive carbon materials to store the gas at room temperature and low pressure. 
This study demonstrates hydrogen adsorption uptake on activated carbon 
incorporating platinum metal to bond hydrogen directly onto the Pt/AC surface. 
Bonding the hydrogen onto a highly porous material such as activated carbon makes 
it possible to have lighter, cheaper and safer hydrogen storage tanks. 
 
 
 
 
1.6 Organization of Thesis 
 
 
This thesis consists of five chapters and covers on the study of hydrogen 
adsorption on the activated carbon-doped platinum.  Chapter 1 presents the 
background, including problem statements, objectives, and scopes of the study.  
Review on literature related to hydrogen energy, storage and its adsorption are 
presented in Chapter 2.  The methodology covers on the preparation of adsorbents, 
wet impregnation of preparation, sample characterization, and hydrogen adsorption 
testing.  The results and discussion are presented in the Chapter 4, which describes in 
detail the effect of different metal loadings and pressures in the adsorption.  
Summary of the findings and some practical recommendations to improve and 
upgrade the future works are included in Chapter 5. 
 
60 
 
 
 
 
REFERENCES 
 
Aksoylu, A.E., Faria, J. L., Pereira, M. F. R., Figueiredo, J. L., Serp, P., Hierso, J. C., 
Feurer, R., Kihn, Y., and Kalck, P., (2003). Highly Dispersed Activated Carbon 
Supported Platinum Catalysts Prepared by OMCVD: A Comparison With Wet 
Impregnated Catalysts. Applied Catalysis A: General, 243(2), 357–365. 
Anson, A., Lafuento, E., Urriolabeitia, E., Navarro, R., Benito, A. M., Maser, W. K., 
and Martinez, M. T., (2006). Hydrogen Capacity of Palladium-Loaded Carbon 
Materials. The Journal of Physical Chemistry B, 110(13), 6643–6648. 
Anson, A., Lafuento, E., Urriolabeitia, E., Navarro, R., Benito, A. M., Maser, W. K., 
and Martinez, M. T., (2007). Preparation of Palladium Loaded Carbon 
Nanotubes and Activated Carbons for Hydrogen Sorption. Journal of Alloys and 
Compounds, 436, 294–297. 
Antolini, E. and Cardellini, F., (2001). Formation of Carbon Supported PtRu Alloys: 
An XRD Analysis. Journal of Alloys and Compounds, 315(1).118–122. 
Ariharan, A., Viswanathan, B. and Nandhakumar, V., (2016). Hydrogen Storage on 
Boron Substituted Carbon Materials. International Journal of Hydrogen 
Energy, 41(5), 3527–3536. 
Aworn, A., Thiravetyan, P. and Nakbanpote, W., (2009). Preparation of CO2 
Activated Carbon From Corncob for Monoethylene Glycol Adsorption. Colloids 
and Surfaces A: Physicochemical and Engineering Aspects, 333(1), 19–25. 
Baburin, I. A., Klechikov A., Mercier, G., Talyzin, A., and Seifert, G., (2015). 
Hydrogen Adsorption By Perforated Graphene. International Journal of 
Hydrogen Energy, 40(20), 6594–6599. 
Back, C.K., Sandi, G., Prakash, J., and Hranisavljevic, J., (2006). Hydrogen Sorption 
on Palladium-Doped Sepiolite-Derived Carbon Nanofibers. The Journal of 
Physical Chemistry B, 110(33), 16225–16231. 
Bardhan, R., Ruminski, A. M., Brand, A., and Urban, J. J., (2011). Magnesium 
Nanocrystal-Polymer Composites: A New Platform For Designer Hydrogen 
Storage Materials. Energy Environmental Science, 4(12), 4882–4895. 
Bénard, P. and Chahine, R., (2007). Storage Of Hydrogen By Physisorption On 
61 
 
Carbon And Nanostructured Materials. Scripta Materialia, 56(10), 803–808. 
Berger, A.H. and Bhown, A.S., (2011). Comparing Physisorption And 
Chemisorption Solid Sorbents For Use Separating CO2 From Flue Gas Using 
Temperature Swing Adsorption. Energy Procedia, 4, 562–567. 
Bischoff, M., (2006). Molten Carbonate Fuel Cells: A High Temperature Fuel Cell 
On The Edge To Commercialization. Journal of Power Sources, 160, 842-845. 
Blackman, J.M., Patrick, J.W. and Snape, C.E., (2004). A Reliable Method for the 
Determination of Hydrogen Storage Capacity At High Pressure and Its 
Application To Carbon Materials. , 49(1), 207–209. 
Blackman, J. M. (2005). High Pressure hydrogen storage on carbon materials for 
mobile applications. PhD thesis. University Of Nottingham. 
Bogdanović, B. and Schwickardi, M., (1997). Ti-doped Alkali Metal Aluminium 
Hydrides As Potential Novel Reversible Hydrogen Storage Materials. Journal 
of Alloys and Compounds, 253-254, 1–9. 
Borgschulte, A., Züttel, A. and Wittstadt, U. (2008) Hydrogen Production, in 
Hydrogen as a Future Energy Carrier, KGaA, Weinheim, Germany: Wiley-
VCH Verlag GmbH & Co. 
Bozoglan, E., Midilli, A. and Hepbasli, A., (2012). Sustainable Assessment Of Solar 
Hydrogen Production Techniques. Energy, 46(1), 85–93. 
Browning, D.J., Gerrard, M. L., Lakeman, J. B., Mellor, I. M., Mortimer R. J., and 
Turpin, M. C., (2002). Studies into the Storage of Hydrogen in Carbon 
Nanofibers: Proposal of a Possible Reaction Mechanism. Nano Letters, 2(3), 
201–205. 
Byeon, J. H., Yoon, H. S., Yoon, K. Y., Ryu, S. K., and Hwang, J., (2008). 
Electroless Copper Deposition On A Pitch-Based Activated Carbon Fiber And 
An Application For NO Removal. Surface and Coatings Technology, 202(15), 
3571–3578. 
Calleja, G., Botas, J. A., Sanchez-Sanchez, M., and Orcajo, M. G., (2010). Hydrogen 
Adsorption Over Zeolite-like MOF Materials Modified By Ion Exchange. 
International Journal of Hydrogen Energy, 35(18), 9916–9923. 
Chahine, R. and Bose, T.K. (1996). Characterization and Optimization of Adsorbents 
for Hydrogen Storage. Hydrogen Energy Progress XI: Proceedings of the 11th 
World Hydrogen Energy Conference. International Association for Hydrogen 
Energy, 1259–1263. 
62 
 
Chen, C. H., Yu, M. S., Tsao, C. S., Chuang, H. Y., and Tseng, H. H., (2012). 
Characterization Of Hydrogen Adsorption In Platinum-Doped Microporous 
Carbon With Varied Catalytic Properties. Microporous and Mesoporous 
Materials, 152, 157–162. 
Chen, H. and Yang, R.T., (2010). Catalytic Effects of TiF3 on Hydrogen Spillover on 
Pt/Carbon for Hydrogen Storage. Langmuir, 26(19), 15394–15398. 
Chen, Y., Shaw, D. T., Bai, X. D., Wang, E. G., Lund, C., Lu, W. M., and Chung, D. 
D. 
L. (2001) Hydrogen storage in aligned carbon nanotubes. Applied Physics 
Letters, 78, 2128-2130. 
Chung, K.H., (2010). High-pressure Hydrogen Storage On Microporous Zeolites 
With Varying Pore Properties. Energy, 35(5), 2235–2241. 
Coloma, F., Escribano, S., Fierro, J. L. G., and Reinoso, F. R., (1994). Preparation of 
Platinum Supported on Pregraphitized Carbon Blacks. Langmuir, 10(3), 750–
755. 
Van Dam, H.E. and Van Bekkum, H., (1991). Preparation Of Platinum On Activated 
Carbon. Journal of Catalysis, 131(2), 335–349. 
Delgado-Friedrichs, O., O’Keeffe, M. and Yaghi, O.M., (2007). Taxonomy Of 
Periodic Nets And The Design Of Materials. Physical chemistry chemical 
physics : PCCP, 9(9), 1035–1043. 
Dicks, A. L. (2004). Molten Carbonate Fuel Cells. Current Opinion in Solid State 
and Materials Science, 8, 379–383. 
Eberle, U., Arnold, G. and Von Helmolt, R., (2006). Hydrogen Storage In Metal-
Hydrogen Systems And Their Derivatives. Journal of Power Sources, 154(2), 456–
460. 
Eberle, U., Felderhoff, M. and Schuth, F., (2009). Chemical And Physical Solutions 
For Hydrogen Storage. Angewandte Chemie - International Edition, 48(36), 
6608–6630. 
Felderhoff, M. and Bogdanović, B., (2009). High Temperature Metal Hydrides As 
Heat Storage Materials For Solar And Related Applications. International 
Journal of Molecular Sciences, 10(1), 325–344. 
Furukawa, H., Ko, N., Go, Y. B., Aratani, N., Choi, S. B., CHoi, E., Yazaydin, A. O., 
Snurr, R. Q., O'Keeffe, M., Kim, J., and Yaghi, O. M., (2010). Ultrahigh 
Porosity in Metal-Organic Frameworks. Science, 329, 424-428. 
63 
 
Gohari Bajestani, Z., Yürüm, A. and Yürüm, Y.,(2016). Decoration of Graphene 
Sheets With Pd/Al2O3 Hybrid Particles For Hydrogen Storage Applications. 
International Journal of Hydrogen Energy, 41(23), 9810–9818. 
Graetz, J., and Reilly, J.J. (2007). Kinetically Stabilized Hydrogen Storage 
Materials. Scripta Materialia (56:10), 835–839. 
Gregg, S. J. and Sing, K. S. W. (1982). Adsorption, Surface Area and Porosity. 2
nd
 
Ed. London: Academic Press. 
Grochala, W. and Edwards, P.P., (2004). Thermal Decomposition of the Non-
Intersitial Hydrides for the Storage and Production of Hydrogen. Chemical 
Reviews, 104, 1283 – 1315. 
Gurrath, M., Kuretzky, T., Boehm, H. P., Okhlopkova, L. B., Lisitsyn, A. S., and 
Likholobov, V. A., (2000). Palladium Catalysts On Activated Carbon Supports. 
Influence Of Reduction Temperature, Origin Of The Support And Pretreatments 
Of The Carbon Surface. Fuel and Energy Abstracts, 41(6), 368–369. 
Gutowska, A., Li, L., Shin, Y., Wang, C.M., Li, X.S., Linehan, J.C., Smith, R.S., 
Kay, B.D., Schmid, B., Shaw, W., Gutowski, M., and Autrey, T. (2005). 
Nanoscaffold Mediates Hydrogen Release and The Reactivity of Ammonia 
Borane. Angewandte Chemie International Edition (44), 3578–3582. 
Gygi, D., Bloch, E. D., Mason, J. A., Hudson, M. R., Gonzalez, M. I., Siegelman, R. 
L., Darwish, T. A., Queen, W. L., Brown, C. M., and Long, J. R., (2016). 
Hydrogen Storage in the Expanded Pore Metal-Organic Frameworks 
M2(dobpdc) (M = Mg, Mn, Fe, Co, Ni, Zn). Chemistry of Materials, 28(4), 
1128–1138. 
Hameed, B. H., Tan, I. A. W., and Ahmad, A. L. (2009). Preparation of Oil Palm 
Empty Fruit Bunch-Based Activated Carbon for Removal of 2,4,6-
Trichlorophenol: Optimization Using Response Surface Methodology. Journal 
of Hazardous Materials. 164, 1316-1324. 
Harjanto, S., Yunior, S.W. and Chodijah, S., (2013). Hydrogen Adsorption Behavior 
of Mechanically Milled and Pelletized Coconut Shell Activated Carbon. 
Materials Science Forum, 737, 98–104. 
Helmut, E., Klaus, S., Daniel, L., Klell, M., and Markus, S., (2009). Potential of 
Synergies in a Vehicle for Variable Mixtures of CNG and Hydrogen. SAE 
International, 10, 1-9. 
Hirose, K. (2011). Hydrogen as A fuel For Today and Tomorrow: Expectations for 
64 
 
Advanced Hydrogen Storage. The Royal Society of Chemistry 151, 11-18. 
Hu, H., Fan, Y. and Liu, H., (2008). Hydrogen Production Using Single-Chamber 
Membrane-Free Microbial Electrolysis Cells. Water Research, 42(15), 4172–
4178. 
Hu, Y. H. and Ruckenstein, E. (2003) Ultrafast reaction between LiH and NH3 
during 
H-2 storage in Li3N. Journal of Physical Chemistry A, 107, 9737-9739. 
Huang, L. H., Sun, C., & Liu, Y. L. (2007). Pt/N-codoped TiO2 Nanotubes and Its 
Photocatalytic Activity under Visible Light. Applied Surface Science,253 (17), 
7029-7035. 
Huang, C.C., Chen, H.M. and Chen, C.H., (2010). Hydrogen Adsorption on 
Modified Activated Carbon. International Journal of Hydrogen Energy, 35(7), 
2777–2780. 
Huang, X., Zhang, Z. and Jiang, J., (2006). Fuel Cell Technology For Distributed 
Generation: An Overview. IEEE. 1613–1618. 
Huang, Y.Y. and Terentjev, E.M., (2012). Dispersion of Carbon Nanotubes: Mixing, 
Sonication, Stabilization, And Composite Properties. Polymers, 4(1), 275–295. 
Ichikawa, T., Isobe, S., Hanada, N., and Fujii, H. (2004) Lithium nitride for 
reversible 
hydrogen storage. Journal of Alloys and Compounds, 365, 271-276. 
Jimenez, V., Sanchez, P., Diaz, J. A., Valverde, J. L., and Romero, A., (2010). 
Hydrogen Storage Capacity On Different Carbon Materials. Chemical Physics 
Letters, 485(1-3),152–155. 
Jin, H., Lee, Y.S. and Hong, I., (2007). Hydrogen Adsorption Characteristics of 
Activated Carbon. Catalysis Today, 120(3-4 SPEC. ISS.), 399–406. 
Johnston, B., Mayo, M. C. and Khare, A., (2005). Hydrogen: the energy source for 
the 21
st
 century. Technovation. 25(6): 569-585. 
Jorgensen, S.W., (2011). Hydrogen Storage Tanks For Vehicles: Recent Progress 
And Current Status. Current Opinion in Solid State and Materials Science, 
15(2), 39–43. 
Kirubakaran, A., Jain, S. and Nema, R.K., (2009). A Review On Fuel Cell 
Technologies And Power Electronic Interface. Renewable and Sustainable 
Energy Reviews, 13(9), 2430–2440. 
Klell, M. (2010). Storage of Hydrogen in the Pure Form. M. Hirscher. Handbook of 
65 
 
Hydrogen Storage. (1-37). KGaA, Weinheim, Germany: Wiley-VCH Verlag 
GmbH & Co. 
Kojima, Y., Kawai, Y., Kimbara, M., Nakanishi, H., and Matsumoto, S. (2004). 
Hydrogen Generation by Hydrolysis Reaction of Lithium Borohydride. 
International Journal of Hydrogen Energy (29), 1213–1217. 
Konwar, R.J. and De, M., (2013). Effects of Synthesis Parameters On Zeolite 
Templated Carbon For Hydrogen Storage Application. Microporous and 
Mesoporous Materials, 175, 16–24. 
Kuppler, R. J., Timmons, D. J., Fang, Q. R., Li, J. R., Makal, T. A., Young, M. D., 
Yuan, D., Zhuang, W., and Zhou, H. C., (2009). Potential Applications Of 
Metal-Organic Frameworks. Coord. Chem. Rev., 253(23-24), 3042–3066. 
Lebon, A., Carrete, J., Gallego, L. J., and Vega, A., (2015). Ti-decorated Zigzag 
Graphene Nanoribbons For Hydrogen Storage. A Van Der Waals-Corrected 
Density-Functional Study. International Journal of Hydrogen Energy, 40(14), 
4960–4968. 
Lee, J. Y., Lee, H. H., Lee, J. H., & Kim, D. M. (1997). U.S. Patent No. 5,599,640. 
Washington, DC: U.S. Patent and Trademark Office. 
Leofanti, G., Padovan, M., Tozzola, G., and Venturelli, B., (1998). Surface Area And 
Pore Texture Of Catalysts. Catalysis Today, 41(1), 207–219. 
Leon, A. (2008). Hydrogen Storage. Leon, A. Hydrogen Technology. (81-128). 
Berlin: Springer-Verlag Berlin. 
Lesnicenoks, P., Sivars, A., Grinberga, L., and Kleperis, J., (2012). Hydrogen 
Adsorption in Zeolite Studied with Sievert and Thermogravimetric Methods. 
IOP Conference Series: Materials Science and Engineering, 38, 1-6. 
Li, X., Zhu, H., Ci, L., Xu, C., Mao, Z., Wei, B., Liang, J., and Wu, D., (2001). 
Hydrogen Uptake By Graphitized Multi-Walled Carbon Nanotubes Under 
Moderate Pressure And At Room Temperature. Carbon, 39(13), 2077–2079. 
Li, Y. and Yang, R.T., (2007). Hydrogen Storage on Carbon Doped with Platinum 
Nanoparticles Using Plasma Reduction. American Chemical Society, 46, 8277–
8281. 
Li, Y. and Yang, R.T., (2007). Hydrogen Storage on Platinum Nanoparticles Doped 
on Superactivated Carbon. The Journal of Physical Chemistry C, 111(29), 
11086–11094. 
Li, Y. and Yang, R.T., (2006). Significantly Enhanced Hydrogen Storage in 
66 
 
Metal−Organic Frameworks via Spillover. Journal of the American Chemical 
Society, 128(3), 726–727. 
Li, Y., Zhao, D., Wang, Y., Xue, R., Shen, Z., and Li, X. (2006). The Mechanism of 
Hydrogen Storage in Carbon Materials. International Journal of Hydrogen 
Energy. 32(13), 2513-2517. 
Litster, S. and McLean, G., (2004). PEM Fuel Cell Electrodes. Journal of Power 
Sources, 130(1), 61–76. 
Lueking, A. and Yang, R. T. (2002) Hydrogen spillover from a metal oxide catalyst 
onto 
carbon nanotubes - Implications for hydrogen storage. Journal of Catalysis, 
206, 165-168. 
Lueking, A. D., Yang, R. T., Rodriguez, N. M., and Baker, R. T. K., (2004). 
Hydrogen Storage In Graphite Nanofibers: Effect Of Synthesis Catalyst And 
Pretreatment Conditions. Langmuir, 20(3), 714–721. 
Lueking, A. D. and Yang, R.T., (2004). Hydrogen Spillover to Enhance Hydrogen 
Storage - Study of The Effect of Carbon Physicochemical Properties. Applied 
Catalysis A: General, 265(2), 259–268. 
Luo, W., Campbell, P.G., Zakharov, L.N. and Liu, S.Y. (2013). A Single-Component 
Liquid-Phase Hydrogen Storage Material. Journal of the American Chemical 
Society (135:23), 8760–8760. 
Luzan, S. M. and Talyzin, A. V., (2010). Hydrogen Adsorption in Pt Catalyst/MOF-5 
Materials. Microporous and Mesoporous Materials, 135(1-3), 201–205. 
Marino, M. G. and Kreuer, K.D., (2015). Alkaline Stability of Quaternary 
Ammonium Cations for Alkaline Fuel Cell Membranes and Ionic Liquids. 
Chem Sus Chem, 8(3), 513–523. 
Md. Arshad, Siti Hadjar, (2013). Preparation of activated carbon from oil palm 
empty fruit bunch for adsorption of phenol and hydrogen. Masters thesis, 
Universiti Teknologi Malaysia, Universiti Teknologi Malaysia, Faculty of 
Chemical Engineering. 
Mehta, V. and Cooper, J.S., (2003). Review And Analysis Of PEM Fuel Cell Design 
And Manufacturing. Journal of Power Sources, 114(1), 32–53. 
Murray, L.J., Dinca, M. and Long, J.R., (2009). Hydrogen Storage In Metal–Organic 
Frameworks. Chemical Society Reviews, 38(5), 1294–1314. 
Nijkamp, M.G., Raaymakers, J. E. M. J., Dillen, A. J., and Jong, K. P., (2001). 
67 
 
Hydrogen Storage Using Physisorption – Materials Demands. Applied Physics 
A Materials Science & Processing, 72(5), 619–623. 
Nishihara, H., Hou, P. X., Li, L. X., Ito, M., Uchiyama, M. Kaburagi, T., Ikura, A., 
Katamura, J., Kawarada, T., Mizuuchi, K., and Kyotani, T. J., (2009). High-
Pressure Hydrogen Storage In Zeolite-Templated Carbon. Phys. Chem. C, 
113(8), 3189–3196. 
Oh, H., Gennett, T., Atanassov, P., Kurttepeli, M., Bals, S., Hurst, K. E., and 
Hirscher, M., (2013). Hydrogen Adsorption Properties of Platinum Decorated 
Hierarchically Structured Templated Carbons. Microporous and Mesoporous 
Materials, 177, 66–74. 
Ordone , S.,    e , F.   and Sastre, H., (2001). Characterisation Of The Deactivation 
Of Platinum And Palladium Supported On Activated Carbon Used As 
Hydrodechlorination Catalysts. Applied Catalysis B: Environmental, 31(2), 
113–122. 
Ormerod, R.M., (2003). Solid Oxide Fuel Cells. Chemical Society Reviews, 32(1), 
17–28. 
Pan, W., Zhang, X., Li, S., Wu, D., and Mao, Z., (2005). Measuring Hydrogen 
Storage Capacity Of Carbon Nanotubes By High-Pressure Microbalance. 
International Journal of Hydrogen Energy, 30(7), 719–722. 
Panella, B., Hirscher, M. and Roth, S., (2005). Hydrogen Adsorption In Different 
Carbon Nanostructures. Carbon, 43(10), 2209–2214. 
Parambhath, V.B., Nagar, R. and Ramaprabhu, S., (2012). Effect of Nitrogen Doping 
on Hydrogen Storage Capacity of Palladium Decorated Graphene. Langmuir, 
28, 7826-7833. 
Park, S.J. and Lee, S.Y., (2010). Hydrogen Storage Behaviors Of Platinum-
Supported Multi-Walled Carbon Nanotubes. International Journal of Hydrogen 
Energy, 35(23), 13048–13054. 
Qingfeng, L., Hjuler, H.A. and Bjerrum, N.J., (2001). Phosphoric Acid Doped 
Polybenzimidazole Membranes: Physiochemical Characterization And Fuel 
Cell Applications. Journal of Applied Electrochemistry, 31(7), 773–779. 
Rand D. A. J. and Dell R. M. (2008). Hydrogen Energy Challenges and Prospects. 
Cambridge, UK: RSC Publishing. 
Ren, L., Siegert, M., Ivanov, I., Pisciotta, J. M., and Logan, B. E., (2013). 
Treatability Studies On Different Refinery Wastewater Samples Using High-
68 
 
Throughput Microbial Electrolysis Cells (MECs). Bioresource Technology, 136, 
322–328. 
Sakintuna, B., Lamari-Darkrim, F. and Hirscher, M., (2007). Metal Hydride 
Materials For Solid Hydrogen Storage: A Review. International Journal of 
Hydrogen Energy, 32(9), 1121–1140. 
Satyapal, S., Petrovic, J., Read, C., Thomas, G., and Ordaz, G., (2007). The U.S. 
 epartment of Energy’s National Hydrogen Storage Project: Progress Towards 
Meeting Hydrogen-Powered Vehicle Requirements. Catalysis Today, 120(3-4 
SPEC. ISS.), 246–256. 
Seredych, M. and Bandosz, T.J., (2010). Adsorption Of Dibenzothiophenes On 
Nanoporous Carbons: Identification Of Specific Adsorption Sites Governing 
Capacity And Selectivity. Energy Fuel, 24, 3352–3360. 
Schlapbach L., Zuttel A. (2001). Hydrogen-Storage Materials For Mobile 
Applications, Nature, 414 (6861), 353-358. 
Sharma, S. and Ghoshal, S.K., (2015). Hydrogen The Future Transportation Fuel: 
From Production To Applications. Renewable and Sustainable Energy Reviews, 
43, 1151–1158. 
Shen, J., Yang, L., Hu, K., Luo, W., and Cheng, G., (2015). Rh Nanoparticles 
Supported On Graphene As Efficient Catalyst For Hydrolytic Dehydrogenation 
Of Amine Boranes For Chemical Hydrogen Storage. International Journal of 
Hydrogen Energy, 40(2), 1062–1070. 
Sim, J., Yim, H., Ko, N., Choi, S. B., Oh, Y., Park, H. J., Park, S., and Kim, J., 
(2014). Gas Adsorption Properties Of Highly Porous Metal-Organic 
Frameworks Containing Functionalized Naphthalene Dicarboxylate Linkers. 
Royal Society of Chemistry, 43(48), 18017–24. 
Stetson, N. and Petrovic, J. (2009) Overview of U.S. Materials Development 
Activities for Hydrogen Technologies, in Materials Innovations in an Emerging 
Hydrogen Economy, Hoboken, NJ, USA: John Wiley & Sons, Inc. 
Ströbel, R., Jorissen, L., Schliermann, T., Trapp, V., Schutz, W., Bohmhammel, K., 
Wolf, G., Garche, J., (1999). Hydrogen Adsorption on Carbon Materials. 
Journal of Power Sources, 84(2), 221–224. 
Stuckert, N.R., Wang, L. and Yang, R.T., (2010). Characteristics of Hydrogen 
Storage by Spillover on Pt-Doped Carbon and Catalyst-Bridged Metal Organic 
Framework. Langmuir, 26(14), 11963–11971. 
69 
 
Studer, S., Stucki, S. and Speight, J. D. (2008) Hydrogen as a Fuel, in Hydrogen as a 
Future Energy Carrier, KGaA, Weinheim, Germany: Wiley-VCH Verlag 
GmbH & Co. 
Takagi, H., Hatori, H., Soneda, Y., Yoshizawa, N., and Yamada, Y., (2004). 
Adsorptive Hydrogen Storage in Carbon and Porous Materials. Materials 
Science and Engineering: B, 108(1-2), 143–147. 
Takagi, H., Hatori, H., Yamada, Y., Matsuo, S., and Shiraishi, M., (2004). Hydrogen 
Adsorption Properties Of Activated Carbons With Modified Surfaces. Journal 
of Alloys and Compounds, 385, 257–263. 
Tang, L., Li, Q., Chen, R., Wang, C, Ma, W., Ma, X., (2016). Adsorption Of Acetone 
And Isopropanol On Organic Acid Modified Activated Carbons. Journal of 
Environmental Chemical Engineering, 4(2), 2045–2051. 
Texier-Mandoki, N., Dentzer, J., Piquero, T., Saadallah, S., David, P, and Vix-
Guterl, C., (2004). Hydrogen Storage In Activated Carbon Materials: Role Of 
The Nanoporous Texture. Carbon, 42(12-13), 2744–2747. 
Tibbetts, G.G., Meisner, G.P. and Olk, C.H., (2001). Hydrogen Storage Capacity Of 
Carbon Nanotubes, Filaments, And Vapor-Grown Fibers. Carbon, 39(15), 
2291–2301. 
Tozzini, V. and Pellegrini, V., (2013). Prospects For Hydrogen Storage In Graphene. 
Physical Chemistry Chemical Physics : PCCP, 15(1), 80–9. 
Tsao, C.S., Liu, Y., Chuang, H. Y., Tseng, H. H., Chen, T. Y., Chen, C. H., Yu, M. 
S., Li, Q., Lueking, A., and Chen, S. H., (2011). Hydrogen Spillover Effect of 
Pt-Doped Activated Carbon Studied by Inelastic Neutron Scattering. Journal of 
Physical Chemistry Letters, 2(18), 2322–2325. 
Tsao, C.S., Liu, Y., Li, M., Zhang, Y., Leao, J. B., Chang, H. W., Yu, M. S., and 
Chen, S. H., (2010). Neutron Scattering Methodology For Absolute 
Measurement Of Room-Temperature Hydrogen Storage Capacity And Evidence 
For Spillover Effect In A Pt-Doped Activated Carbon. Journal of Physical 
Chemistry Letters, 1(10), 1569–1573. 
Tsao, C. S., Tzeng, Y. R., Yu, M. S., Wang, C. Y., Tseng, H. T., Chung, T. Y., Wu, 
H. C., Yamamoto, T., Kaneko, K., and Chen, S. H., (2010). Effect of Catalyst 
Size on Hydrogen Storage Capacity of Pt-Impregnated Active Carbon via 
Spillover. The Journal of Physical Chemistry Letters, 1(7), 1060–1063. 
Ursua, A., Gandia, L.M. and Sanchis, P., (2012). Water Electrolysis : Current Status 
70 
 
and Future Trends. Proceedings of the IEEE, 100(2), 410–426. 
Wachsman, E.D., Lee, K. T., Steele, B. C. H., Heinzel, A., Mogensen, M., Skaarup, 
S., and Song, C. S., (2011). Lowering The Temperature Of Solid Oxide Fuel 
Cells. Science (New York, N.Y.), 334(6058), 935–9. 
Wang, C., Gray, J. L., Gong, Q., Zhao, Y., Li, J., Klontzas, E., Psofogiannakis, G., 
Froudakis, G., and Lueking, A. D., (2014). Hydrogen Storage with 
Spectroscopic Identification of Chemisorption Sites in Cu-TDPAT via Spillover 
from a Pt/Activated Carbon Catalyst. Journal of Physical Chemistry C, 118, 
26750–26763. 
Wang, C.Y., Tsao, C. S., Yu, M. S., Liao, P. Y., Chung, T. Y., Wu, H. C., Miller, M. 
A., and Tzeng, Y. R., (2010). Hydrogen Storage Measurement, Synthesis And 
Characterization Of Metal-Organic Frameworks Via Bridged Spillover. Journal 
of Alloys and Compounds, 492(1-2), 88–94. 
Wang, L., Lachawiec, Jr, A.J. and Yang, R.T., (2013). Nanostructured Adsorbents 
For Hydrogen Storage At Ambient Temperature: High-Pressure Measurements 
And Factors Influencing Hydrogen Spillover. RSC Advances, 3(46), 23935. 
Wang, Z., Yang, F.H. and Yang, R.T., (2010). Enhanced Hydrogen Spillover on 
Carbon Surfaces Modified by Oxygen Plasma. The Journal of Physical 
Chemistry C, 114(3), 1601–1609. 
Webb, P. A. and Orr, C. (1997). Analytical Methods in Fine Particle Technology. 
Nacross, Ga, USA: Micromeritics Instruments Corporation. 
Wojnicki, M., Paclawski, K., Socha, R. P., and Fitzner, K., (2013). Adsorption and 
Reduction of Platinum ( IV ) Chloride Complex Ions On Activated Carbon, 
23:.1147–1156. 
Yamauchi, M., Kobayashi, H. and Kitagawa, H. (2009), Hydrogen Storage Mediated 
by Pd and Pt Nanoparticles. Chem. Phys. Chem., 10: 2566–2576. 
Yang, J., Sudik, A., Wolverton, C., and Siegel, D. J., (2010). High Capacity 
Hydrogen Storage Materials : Attributes For Automotive Applications And 
Techniques For Materials Discovery. Chemical Society Reviews, 39, 656–675. 
Yilmaz, F., Balta, M.T. and Selbas, R., (2016). A Review Of Solar Based Hydrogen 
Production Methods. Renewable and Sustainable Energy reviews, 56, 171–178. 
Young, K. Hsiung and Nei, J., (2013). The Current Status Of Hydrogen Storage 
Alloy Development For Electrochemical Applications. Materials, 6(10), 4574–
4608. 
71 
 
Zhang, J., Fisher, T. S., Ramachandran, P. V., Gore, j. P., and Mudawar, I., (2005). A 
Review of Heat Transfer Issues in Hydrogen Storage Technologies. Journal of 
Heat Transfer, 127(12), 1391–1399. 
Zuttel, A., Sudan, P., Mauron, P., Kiyobayashi, T., Emmenegger, C., Schlapbach, L., 
(2002). Hydrogen Storage In Carbon Nanostructures. International Journal of 
Hydrogen Energy, 27(2),203–212. 
